A B S T R A C T The ability of polymorphonuclear leukocytes (PMN) to produce H202 in response to phagocytic stimulation was examined cytochemically using leukocytes from normal individuals and patients with chronic granulomatous disease (CGD). Normal PMN oxidized diaminobenzidine within the phagocytic vacuole by a reaction dependent upon endogenous H202 and myeloperoxidase. CGD PMN failed to oxidize diaminobenzidine, which is consistent with the biochemical data showing a lack of H202-generating capacity. A plasma membrane enzyme (oxidase) activated by phagocytosis is capable of H202 production in PMN. The localization of this oxidase activity was explored in CGD PMN using a cytochemical technique specific for H202. The enzyme activity is stimulated by exogenous NADH, but not NADPH. Reaction product formation, indicative of activity of the oxidase, is dependent upon precipitation of cerium ions by the enzymatically generated H202. The advantage of this approach is that enzyme activity of individual cells can be assessed, allowing determination of numbers of reactive cells in the population and their relative degrees of reactivity. NADH oxidase was found to be active both on the plasma membrane and within the phagocytic vacuoles of control PMN, whereas those cells from three CGD patients showed greatly reduced activity in both these sites. Assessment of the reactivity of individual cells showed the number of cells with oxidase activity in CGD to be significantly reduced when compared to control values. Additionally, of those cells that do react, a higher percentage of them are only weakly reactive. Omission of NADH from
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INTRODUCTION
Phagocytosis by normal human polymorphonuclear leukocytes (PMN)l is accompanied by an increase in aerobic metabolism. This respiratory burst includes a cyanide-insensitive increase in oxygen consumption (1) , an increase in both superoxide (2, 3) and hydrogen peroxide (4, 5) production, and stimulation of the hexose monophosphate shunt (6) . It is generally agreed that a reduced pyridine nucleotide oxidase underlies this augmented respiratory activity, but whether NADPH oxidase or NADH oxidase is the primary enzyme remains unclear. The roles of both enzymes in the oxidative metabolism of the intact PMN require clarification. Oxidation of NADH is capable of generating H202, a reaction product which is found both extracellularly and intracellularly (5, 7) . The presence of H202 within the phagocytic vacuole, where it presumably is involved in the bactericidal activity of the PMN (8) , has been suggested by many workers (9) (10) (11) and has been demonstrated cytochemically (12) . An oxidase activity that utilizes NADH but not 'Abbreviations used in this paper: CGD, chronic granulomatous disease; DAB, 3,3'-diaminobenzidine; Hanks' BSS, Hanks' balanced salt solution; 02, superoxide; PMN, polymorphonuclear leukocyte; PS, polystyrene.
The Journal of Clinical Investigation Volume 59 June 1977 *1088-1098NADPH2 was originally found in the soluble portion of the cell (13) (14) (15) ; such an activity has also been found associated with the plasma membrane (16) (17) (18) . As a plasma membrane enzyme, the NADH oxidase is internalized during phagocytosis and retains its peroxide-generating activity within the phagocytic vacuole (17) . NADPH-oxidizing activity has been associated biochemically with the particulate fraction of PMN (19, 20) . Mn++ was originally found to be necessary for optimal manifestation of this activity, but later work has shown that its action is artifactual (21, 22) . Even in the absence of this metal, the action of this particulate fraction towards NADPH is considered by some workers to be an important mechanism in the function of the cell (e.g., 23, 24) .
In chronic granulomatous disease (CGD), there is no respiratory burst accompanying particle uptake (25, 26) . Hexose monophosphate shunt activity is not stimulated, and H202 (25, 27) and superoxide (02-) (28, 29) production are not increased after phagocytic stimulation. This results in impaired killing of certain microorganisms. The exact nature of the defect remains unclear. Morphologically, the resting cells appear normal, and comparative studies of the morphology and rates of degranulation of phagocytizing normal and CGD PMN show only minor differences (30, 31) . It is generally agreed that the major lesion involves the oxidase responsible for the respiratory burst. NADPH oxidase activity from granules of CGD patients has been shown to be reduced to about 8% of normal (32) or less (23) . Abnormally low levels of NADH oxidase have been reported as well (15, 16, 33) . Evidence refuting these observations has also been adduced (25) , resulting in as yet unreconciled discrepancies. The exact level of the defect, that is whether it is a reduced amount of enzyme, failure of enzyme activation, decreased availability of substrate, or some other misfunction, is unclear. Stimulation of the hexose monophosphate shunt (34) and improved bactericidal activity (35) 
METHODS

Patients
Three male patients with X-linked CGD were studied. In all three, diagnoses were established by characteristic clinical presentations and deficient nitroblue tetrazolium reduction by the granulocytes (36) . Two of the patients were examined twice, after an interval of 6 mo, and the third was tested only once. A healthy male adult served as an internal control subject and was tested simultaneously with each CGD patient. Two additional controls, one female and one male, were examined separately.
Preparation of cells
Monolayers of PMN were prepared on glass cover slips by a modification of the technique of Harris (37) . In brief, several drops of blood were allowed to clot at room temperature on a 22-mm diameter cover slip in a moist chamber and then incubated at 37°C for 30 min. The blood clot and erythrocytes were rinsed from the cover slip with Hanks' balanced salt solution (Hanks' BSS, Microbiological Associates, Bethesda, Md.), pH 7.4, at 4°C, leaving numerous PMN attached to the glass. Venous blood, without anticoagulants, was used in the case of the CGD patients. Control PMN were obtained from venous blood or from a pricked finger. No differences were noted between the two methods, except that the finger prick blood preparations yielded slightly more PMN.
Cytochemistry
Localization of H202 in phagocytic vacuoles. To determine if H202 is present in the phagocytic vacuole of CGD granulocytes, a modification (12) of the DAB technique for the localization of peroxidase (38) was used on the PMN of one CGD patient and one normal control. The incubation medium contained 0.5 mg DAB (Sigma Chemical Co., St. Louis, Mo.) per ml Hanks' BSS with an additional 1 mg/ml glucose and a 1:20 dilution of a 2.5% stock solution of PS spheres (1.1 ,um diameter, The Dow Chemical Company, Indianapolis, Ind.). The stock PS solution was prepared by extensive (72 h) dialysis against twice distilled H2O and dilution to 2.5% of the original volume with sterile 0.8% NaCl. The pH of the incubation medium was adjusted to 7.3; 0.5 ml was added to the PMN on each cover slip, followed by a 30-min incubation at 370C in a moist chamber. This incubation time was selected to insure adequate primary granule discharge into the phagocytic vacuole of CGD cells, since it has been shown that there is impaired degranulation during the early stages of phagocytosis (30) . Controls consisted of the omission of DAB or particles from the medium or the inclusion of 2 mM KCN. In the latter case, the PMN were preincubated for 10 min at 37°C with the inhibitor in Hank's BSS, drained, and then reincubated in the test medium plus KCN. After incubation, the cells were rinsed briefly in Hanks' BSS at 4°C and prepared for electron microscopy. Localization of NADH-stimulated, H202-producing oxidase. The phagocytic stimulation of the PMN and the subsequent cytochemical determination of sites of H202 production (17) were performed on the PMN of all three CGD patients. Two were examined twice; one normal control was tested concurrently with each CGD, and two other normal controls were examined separately. Initially, monolayers of normal and CGD PMN were covered with 0.5 ml per cover slip of a 1:20 dilution of 2.5% PS in Hanks' BSS plus an additional 1.0 mg/ml glucose and incubated 20 min at 37°C in a moist chamber. This was followed by a brief rinse at 4°C in 0.1 M Tris-maleate buffer, pH 7.5, with 7% sucrose. Incubation in the same buffer containing 1 mM 3-amino-1,2,4-triazole (Aldrich Chemical Co., Inc., Milwaukee, Wis.) for 10 min at 37°C preceded a final incubation in the cytochemical medium. This contained 1 mM 3-amino-1,2,4-triazole, 1 mM CeCl3, and 0.71 mM reduced pyridine nucleotide (Sigma Chemical Co.) in 0.1 M Tris-maleate buffer, pH 7.5, with 7% sucrose. Cells were incubated in this medium for 20 min at 37°C. Parallel experiments were run in which NADH was omitted from the incubation medium. After incubation, the cells were rinsed briefly at 4°C in 0.1 M Tris-maleate buffer, pH 7.5, with 7% sucrose and prepared for electron microscopy.
Phagocytosis of a hydrogen peroxide-generating system. It has been shown that phagocytosis of PS beads coated with glucose oxidase results in an amelioration of the metabolic deficiencies of CGD granulocytes (34) . This experiment was repeated and followed by a cerium incubation to see if H202 could be detected in the PMN of CGD patients. PS spheres were coated with glucose oxidase according to the method of Baehner et al. (34) . Initially, this preparation was tested for glucose oxidase activity by suspending in glucose-free Krebs-Ringer phosphate, pH 7.4, and adding to this a small amount of glucose, DAB, and horseradish peroxidase (Sigma Chemical Co.). The precipitation of oxidized DAB indicated the peroxidegenerating capacity of the glucose oxidase on the particles. For phagocytosis by PMN from one CGD patient and normal control, the 2.5% stock solution of glucose oxidase-coated particles was diluted 1:20 in glucose-free Krebs-Ringer phosphate and added to the cell monolayers. After 20 min at 37°C, the cells were rinsed with 0.1 M Tris-maleate buffer, pH 7.5, at 4°C and then incubated for 20 min at 37°C in 0.1 M Tris-maleate buffer, pH 7.5, with 1 mM CeCl3. Sucrose, 3-amino-1,2,4-triazole, and NADH were not present in this medium. After the incubation, cells were rinsed briefly in buffer and prepared for electron microscopy.
Electron microscopy
After the appropriate cytochemical incubations, all cover slips were rinsed 2-3 min at 4°C in 0. Uptake of PS and DAB by CGD granulocytes resulted in the formation of reaction product within a few phagocytic vacuoles, although almost all of these PMN were negative (Fig. 3) . When electron dense deposits were found, they were generally associated with very large phagocytic vacuoles containing several PS particles. Elimination of either particles or DAB, or inclusion of KCN in the medium, resulted in a total loss of reactivity.
Sites of peroxide-producing activity (cerium localization). Phagocytically stimulated control PMN showed precipitates of Ce(OH)200H on the plasma membrane and within the phagocytic vacuoles after incubation in the complete cytochemical medium (Fig.  4) (17) . Elimination of NADH from the medium reduced the amount of reaction product and the number of cells showing it in both these locations. PMN from patients with CGD, treated with PS, Ce+++, and NADH, appeared essentially negative with regard to surface activity (Fig. 5) , although small amounts of peroxide-generating activity were found within the phagocytic vacuoles of some cells (Fig. 5, arrow) . Elimination of NADH from the medium did not alter this distribution (Fig. 6) Stimulation of cerium deposition by exogenous NADH and NADPH. A matter of concern in evaluating the specificity of the system with respect to the reduced pyridine nucleotides was the fact that, believing it important to maximize the NADPH oxidase activity, Mn++ was included in the original evaluation of specificity with normal PMN (17) . Subsequent to the 1092 original work, it was demonstrated that the effect of Mn++ added to broken cell preparations is artifactual (21, 22) . We have thus performed further experiments with the cytochemical technique, using NADPH or NADH as exogenouis substrate, in the presence or absence of Mn++, with PS or zymosan particles (opsonized and unopsonized), and with normal or CGD PMN. In this system, only exogenouis NADH was found to increase H202-dependent cerium deposition, and this only with normal, phagocytically stimuilated PMN. Additional NADPH had no effect on the amount of cerium precipitated. Moreover, the presence or absence of manganese was fouind to be immaterial to the amount of reaction prodtuct formed with either NADH or NADPH.
Number Table I illustrates the difference in the total number of cells exhibiting NADH oxidase activity, buit there must be a consideration of the quiantitative distribution of these reactive cells, based on the FIGumE 5 NADH oxidase activity in phagocytizing PMN from a CGD patient is found only within the phagosome, and the level of activity, deduced from the amount of precipitate (arrows), is much less than in the normal PMN (Fig. 4) , giving it a weakly reactive rating (+). Experimental conditions as for Fig. 4 . Magnification x38,900. FIGuRE 6 The elimination of NADH from the cytochemical medium causes no significant change in the amount of NADH oxidase activity (arrows) visible in CGD cells. This cell would be considered weakly reactive (±). Experimental conditions as for Fig. 4 , except NADH was omitted. Magnification x24,400.
amount of NADH oxidase activity they exhibit. Semiquantitative information derived from the examination of individual cells is presented in Fig. 7 . These data show the percentages of the total number of cells examined under the various conditions which are distributed in the three categories of reactivity (Fig. 1) . These data reflect the differences described above for total numbers of reactive cells. If the number of cells in each category is expressed as a percentage of the total number of reactive cells, one gets a distribution of the degree of NADH oxidase activity for comparing CGD and normal. This is shown in Fig. 8 . In the presence of exogenous NADH, there are significantly fewer normal than CGD PMN showing weak, and more showing stronger NADH oxidase activity. This is true for both surface and phagocytic vacuole localization. Omission of NADH from the incubation medium does not change this relationship for plasma membrane and phagocytic vacuole reactivity. Significantly more CGD PMN are found in the weakly reactive category and fewer CGD than normal PMN are found in the more strongly reactive classifications.
Phagocytosis of glucose oxidase-coated particles. When PMN from CGD patients phagocytized PS spheres coated with glucose oxidase and were then incubated in the cytochemical medium containing only cerous ions, most of the cells contained reaction product, indicative of hydrogen peroxide generation, within nearly all their-;phagocytic vacuoles (Fig.  9) . The surface of the cell was not reactive. Normal PMN treated in this manner showed cerium deposits in the phagocytic vacuoles and on the surface, the latter being due presumably to NADH oxidase activity utilizing endogenous substrate. Phagocytic vacuole deposits are due to glucose oxidase as well as NADH oxidase activity.
This confirms the observations of Baehner et al. (34) and shows that H202 can be detected cytochemically within the phagocytic vacuoles of CGD cells when it is present. This reduces the possibility of some peculiarity in these cells preventing the detection of NADH oxidase by reaction between peroxide and cerous ions.
DISCUSSION
Leukocytes from patients with CGD fail to generate H202 (25) and O2 (28) during phagocytosis, although the phagocytic capacity and rate of degranulation appear to be relatively normal. As a result, there is a diminished microbicidal capacity, for H202, and possibly 02, are important for adequate bacterial killing (8) . Where the responsibility for this oxidative deficiency lies is unclear, as is which enzyme is responsible for the oxidative burst in normal PMN. Both NADH and NADPH oxidase have been reported to have reduced levels in CGD (15, 16, 23, 32, 33) .
The reduced H202-generating capacity of CGD PMN has been verified cytochemically by a modification (12) of the standard DAB technique for peroxidase (38) . Presumably DAB, with a slight positive charge, enters the cell bound to the surface of the PS particle, which has a negative surface charge at physiological (42) , although there appears to be a brief lag period (30) . CGD PMN clearly show greatly diminished amounts of reaction product in the phagocytic vacuoles as compared to normal, a result which must be due to a lack of H202. The negative KCN control also verifies the specificity of the reaction. As a result of the information derived from the DAB cytochemistry, the sites of NADH oxidase activity in normal and CGD PMN were investigated using a recently developed cytochemical technique. This technique depends upon the precipitation of cerium by H202, and the preference of the enzyme for NADH has been documented (17, and above It is difficult to explain the large percentage of normal PMN in which no NADH oxidase activity can be detected after phagocytosis. This may be an accurate reflection of the actual activity of these cells. For example, the unreactive ones may be immature cells, for it is not known when in the life span of the cell this enzyme is produced or active. Or it may be artifactual, i.e., the plane of the section fails to pass through sites of reaction product deposition or the sensitivity of the technique itself is limiting.
No cytochemical data are available regarding NADPH oxidase activity in CGD PMN, because no augmented peroxide generation can be detected by cerium with NADPH as a substrate in control (17) and CGD PMN. Further, it would be useful to be able to carry out the cerium-based detection of H202 production at the level of the light microscope, for the reaction is quite specific and should provide another diagnostic test for CGD. Work is currently underway to convert the cerium precipitate to one more suitable for this approach.
